Abstract. The electric field gradients in ZrO, and HfO, have been measured by applying the differential perturbed angular correlation method to the 133-482 keV cascade in le1Ta. The results for HfO, have been compared with previous results. In general, a fairly good agreement has been found except for the electric field asymmetry parameterq, in which the older result of Gerdau et al, rather than the more recent one of Gardner and Prestwich, has been confirmed. The results for ZrO, show the electric field gradient to be (13.3 k 0.7) x 1017 V cm-, which is slightly higher than the value of (12% k 0.6) x 10'' V cmW2 obtained for HfO,. The corresponding values for the field asymmetry are 0.335 i 0,015 for ZrO, and 0.348 0,016 for HfO,. Despite the small difference ofonly 4% between the corresponding means, the 'r'distribution shows, with confidence of better than 99%, that the results for ZrO, and HfO, are different.
Introduction
We have studied the static quadrupole interaction of "'Ta nuclei with the electric field gradients existing in polycrystalline zirconia (zirconium dioxide) and hafnia (hafnium dioxide). The '"Ta is a beta-decay product of 181Hf and hence the latter nuclei must be present in all the substances to be analysed. These field gradients were measured by the differential perturbed angular correlation method (DPAC), which was applied to the 133482 keV gamma cascade in "lTa. In these techniques one measures the angular distribution of one gamma ray with respect to the other, as a function of time. The ordinary angular distribution function is modified by a time-dependent factor (G,,(t) in equation 1). This factor is caused by the interaction of the internal electric field gradients with the nuclear quadrupole moment during the lifetime of the excited level. Studies of the electric field gradients in hafnia have been carried out by several groups (Salomon et a1 1964 , Marest et al 1966 , Gerdau et a1 1969 and Gardner and Prestwich 1970 while no such measurement has been reported for zirconia. We decided to repeat the measurements in hafnia for two reasons: (i) To compare the consistency of our results with those published in the literature and to be able to compare the results of zirconia with those of hafnia; (ii) To measure the asymmetry parameter q which Gardner and Prestwich found to be smaller than the value given by Gerdau et al by as much as three standard deviations.
Hafnium is a natural contaminant in all the zirconium minerals because their chemistry is almost identical. Of all the elements, zirconium and hafnium are the two most difficult to separate. In addition, both elements have almost the same atomic radius (1.55 A). Furthermore, hafnia and zirconia have almost the same interatomic distances (2.2 A) and the same space group (Slater 1965) . The phase diagram for the solid solution (HfO,)x (Zr02)l-x shows the same monoclinic crystal structure for all the values of x(0 < x < 1) and there are no phase transitions for temperatures below 1100 K. For all these reasons we believe that the HfO, molecules are homogeneously distributed among the ZrO, molecules and hence the 18'Ta nucleus-which is formed in the 18'Hf decay-occupies a regular crystal site.
Experimental
About 2 mg of HfO, were irradiated for a day in the 5MW nuclear reactor at the Soreq Nuclear Research Centre. The ZrO, included about 1.3% of HfO,, and so some 20 mg of ZrO, were irradiated for a period of 4 days. Both samples were annealed for two days at 1100 K. Higher temperatures were not attempted in order not to cross the transition boundary into the tetragonal phase (see figure 1 ). In order to check our assumption regarding the distribution of hafnia in zirconia, the zirconia powder was analysed with an electron microprobe. The results have confirmed our assumptions, ie that the hafnium dioxide molecules are homogeneousely distributed among the zirconium dioxide molecules.
The electronic system used is the usual fast-slow arrangement (figure 2). The 133 keV gamma rays were detected in 1; in diameter in thick NaI crystal coupled to an RCA 8575 photomultiplier. The fast anode pulse was amplified and fed into two fast discriminators. After proper delay adjustments both output pulses were overlapped in the EG & G coincidence unit (figure 3). When one discriminator was adjusted to the ODL amplifier first photoelectron level and the other discriminator to the level of a few keV, a time resolution of 1.1 ns FWHM was obtained without increasing the random coincidences due to unwanted noise counts. The 482 keV gamma rays were detected in a lt in diameter 1 in thick Naton 136 plastic scintillator coupled to an RCA 8575 photomultiplier. The fast pulses were processed in a constant-fraction discriminator. The energy restriction in the slow channel was adjusted to the upper 10-20% of the 482 keV Compton edge. Time curves of the 15.6 ns mean life 482 keV level in 18'Ta were taken with both detectors subtending angles of 90", 180", 270" and 180" for periods of 24 hours at each angle. The results obtained at angles of 90" and 270" were added and combined with those obtained at 180". With such a procedure, any effects which may result from a slight incorrect centering of the sample will cancel out to the first order. The time scale of the multichannel analyser was measured by feeding the time to amplitude converter (TAC) from a Tennelec 850 calibrator unit.
Data analysis and results
The angular distribution function W(6, t) is given in equation (1) (see for example Frauenfelder and Steffen, 1965) w(e, t ) = 1 + ~, ,~, , ( t )~, ( c o s e),
(1) where higher-order terms have been neglected. In order to extract G,,(t), measurements at 6 = 180" and 0 = 90" or 270" were carried out. Inserting the experimental values into equation (1) and solving for GZ2(t) one obtains
The perturbation function can be written (Beraud et a1 1969 , Gerdau et a1 1969 When the finite time resolution for the electronic system and the deviations in the hyperfine fields due to crystal inperfections are taken into account, equation (3) is modified. One finds that
where 2flln22 is the FWHM of the time response function of the system and 6 has a similar meaning for the frequency distribution around the average frequency.
The electric field gradients in a crystal are characterized by the greatest component yz and the asymmetry parameter y defined by where1 Yzl ' I yyI ' I Ll.
The interaction hamiltonian for I = when diagonalized (Beraud et a1 1969) yields a cubic equation for the eigenvalues of the nuclear quadrupole hamiltonian (in units of hoQ) as a function of the asymmetry parameter y. The differences between the energies, divided by h, are transition frequencies on appearing in equation (3). On obtaining the frequencies wn the parameter y can be deduced from the ratio coz/ol.
The quadrupole interaction frequency is given by w Q = eQyZ/4hI(21 -1).
(6) When w1 and y are known, these values can be inserted in the cubic equation and the quadrupole frequency wQ deduced. On inserting the values for the 482 keV level in 181T;1, I = ;
, Q = 2.53 & 0.10 bafnt, (Gardner and Prestwich 1970) the field gradient yz is obtained.
In order to obtain the three frequencies mi, i = 1,2,3, the power spectrum of equation (2) was calculated using the IBM subroutine 'FORIT'. In order to improve the frequency resolution of the power spectrum, the time interval was enlarged (Forker and Rogers 1971) . The power spectra of the same experiment with two different time intervals can be seen in figures 4 and 5. t Actually, in accordance with a more recent value of Qo (Lobner et al 1970) Q should have been taken as 2.41 barn. However, in order to be able to compare our results with previous ones, the value of 2.53 barn was used. As an alternative approach, nonlinear least-square fitting was used to deduce the six parameters wl, w2, 03, A,,, 6 and to where to is a time factor to adjust the correct phase. All the other parameters are as defined previously. Although o3 is not an independent parameter, it was used as such in order to check the consistency of the results, ie that w1 + w, = 03. Figure 6 shows a typical nonlinear least-squares fit of equation (4) (multiplied by the experimental factor ,422) to the experimental results. Tables 1 and 2 show the values obtained for ol, U,, o3 and 02/w1 for HfO, and ZrO,. All the runs in a subgroup were obtained under the same conditions, while the different subgroups were obtained under different irradiation conditions and/or different geometrical conditions. The various subgroups describe different samples and irradiation conditions. The statistical inaccuracy of each individual frequency is 2 7' -3 % The results deduced for HfO, and ZrO, are summarized in table 3. Using the 't' test of significance between two sample means (see for example Fisher 1958) -+ 1 ( X , i -I,) ,
one obtains for col the value o f t = 3.18 with 39 degrees of freedom and for coz/col (and hence also for y) the value of t = 2.40 with 39 degrees of freedom. From such large values one can conclude that the probability of HfO, and ZrO, having the same frequency col is less than 1 % and that of their having the same electric field asymmetry parameter y is less than 3%.
Discussion
In Gerdau et a1 (1969) and Gardner and Prestwich (1970) . No meaningful results could be obtained with an unannealed sample. The present results were all obtained after two days of annealing and hence only the similar results of Gerdau et a1 are mentioned despite the fact that they had an additional annealing period of 4 hours at 1500K. It can be seen that the present result for col are in excellent agreement with both the results of Gerdau et a1 and of Gardner and Prestwich while the result for y agrees with those of Gerdau et a1 but disagrees with the lower value of Gardner and Prestwich. These latter authors explained their lower value as compared with the value of Gerdau et a1 by their having a better time resolution (1.3 ns and 2.4 ns respectively). The time resolution of the present experiment (1.1 ns) which confirms the result ofGerdau et al, shows that the low value is not due to the improved time resolution but probably due to an undiscovered non-statistical bias. Gerdau et a1 also deduced the frequency distribution 6. We find in our results that 6 and A,, are strongly linked together. A change of 5 10% in A,, which causes a change of i 70% in 6 (leaving all the other parameters practically unaltered) changes x2 by not more than i 5 %. Unfortunately, most of our measurements were carried out under different geometrical conditions for which we did not have independent information on A,,, and hence, we were not able to deduce meaningful information about 6. On comparing the results for the field gradient yz and the asymmetry parameter y for ZrO, and HfO, one finds that each result for one oxide is displace from the other result by about one standard deviation only. However as these results are sample averages of several runs the 't'distribution shows with confidence of better than 99% that the means belong definitely to different populations and hence the 4% differences in yz and y are real.
Calculations are required (and are being undertaken in this laboratory) to see to what extent these differences can be explained by the small differences in the crystal structure. If this is not so, the changes will have to be attributed to the effect of the nextnearest neighbours (the nearest neighbours are oxygen atoms common to both salts) in which the outer 4d25s2 electrons of Zr are replaced by the 5d26s2 electrons in Hf.
